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We report measurements of the inclusive transverse momentum (pT ) distribution of centrally
produced K0

S , K?±(892), and φ0(1020) mesons up to pT = 10 GeV/c in minimum-bias events, and
K0
S and Λ0 particles up to pT = 20 GeV/c in jets with transverse energy between 25 GeV and 160

GeV in pp̄ collisions. The data were taken with the CDF II detector at the Fermilab Tevatron at
√
s

= 1.96 TeV. We find that as pT increases, the pT slopes of the three mesons (K0
S , K?±, and φ) are

similar, and the ratio of Λ0 to K0
S as a function of pT in minimum-bias events becomes similar to the

ratio in jets at pT ∼ 5 GeV/c. This suggests that the particles with pT & 5 GeV/c in minimum-bias
events are from “soft” jets, and that the pT slope of particles in jets is insensitive to light quark
flavor (u, d, or s) and to the number of valence quarks. We also find that for pT . 4 GeV relatively
more Λ0 baryons are produced in minimum-bias events than in jets.

PACS numbers: 13.85.Ni, 13.85.Qk, 13.87.Fh, 14.40.Df23

I. INTRODUCTION24

The study of particles with low pT (transverse momentum with respect to the beam direction) from hadron-hadron25

interactions is as old as high energy physics itself. Nevertheless, attempts to understand the physics of particle26

production have had limited success. As the center-of-mass energy increases, the number of produced particles27

increases and events get more complex. Although the discovery of high transverse energy, ET , jets in hadron collisions28

at the CERN ISR [1] and SppS Collider [2] supported the theory of strongly interacting quarks and gluons (QCD), low29

pT hadron production is still not well understood despite additional data from pp and pp colliders including RHIC [3]30

because the strong coupling is large, and perturbative QCD calculations do not apply. Phenomenological models,31

such as pythia [4], have been developed and tuned to data. New data, such as that presented here on strange particle32

production, can further refine the models.33

Hadron-hadron collisions are classified into two types, elastic and inelastic collisions. Inelastic hadron-hadron34

collisions are generally further classified as diffractive and non-diffractive. The diffractive events have a large rapidity35

gap (> 3) with no hadrons. The distinction is not absolute, and experiments (and theorists) should make their36

definitions explicit.37

Inelastic collisions can have a hard parton-parton interaction resulting in high ET jets, and we select events with38

jets with ET from 25 to 160 GeV and measure the production of hadrons with strange quarks in the jets. In this39

paper, we present the invariant differential cross section, Ed3σ/dp3, of K0
S , K?±, and φ particles up to pT = 10 GeV/c40

in typical non-diffractive events, and the pT distributions of K0
S and Λ0 in jets up to pT = 20 GeV/c and jet ET =41

160 GeV. This is the first time that the pT distributions of identified particles in high-ET jets from hadron-hadron42

collisions have been measured. These spectra extend down to pT ∼ 1 GeV/c where perturbative calculations cannot43

be used. The various phenomenological approaches in this region (some inspired by QCD) benefit from such data.44

One goal of this analysis is to compare particle production from minimum-bias (MB) and jet events to see if there45

is a transition at some pT , above which the particles from jet fragmentation tend to dominate. Another goal is to test46
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the fragmentation process of quarks and gluons to jets in the pythia event generator tuned to e+e− [5] and e−p [6]1

data. Because the particles are identified, the comparison can be more sensitive to details, e.g., s-quark creation. A2

third goal is to provide information on particles produced with pT less than ∼ 3 GeV/c in MB events. Apart from3

their intrinsic interest, such data are useful in searches for quark-gluon plasma signatures in heavy-ion collisions.4

II. EVENT AND JET SELECTION5

The data in this analysis are from the CDF II detector at the Tevatron Collider operating at a center-of-mass6

energy
√
s = 1.96 TeV. The CDF II detector was described in detail elsewhere [7]. The components most relevant7

to this analysis are the tracking system and the calorimeters. The tracking system was in a uniform axial magnetic8

field of 1.4 T. The inner tracker had seven to eight layers of silicon microstrip detectors ranging in radius from 1.5 to9

28.0 cm [8] in the pseudorapidity region |η| < 2 [9]. Outside this was the Central Outer Tracker (COT) a cylindrical10

drift chamber with 96 sense-wire layers grouped in eight superlayers of axial and stereo wires [10]. Its active volume11

covered 40 to 140 cm in radius and |z| < 155 cm, where z is the coordinate along the beam direction centered in the12

middle of the detector.13

Surrounding the tracking system were the pointing-tower-geometry electromagnetic (EM) and hadronic calorimeters14

[11], divided into central (|η| < 1.1) and plug (1.1 < |η| < 3.6) regions. The calorimeters were made of lead (EM) and15

iron (hadronic) absorbers sandwiched between plastic scintillators that provided measurements of shower energies. At16

a depth approximately corresponding to the maximum development of the typical electromagnetic shower, the EM17

calorimeters contained proportional chambers [12] to measure shower positions and profiles.18

MB events were collected with a trigger selecting beam-bunch crossings with at least one inelastic pp̄ interaction.19

We required a time coincidence between signals in both forward and backward gas Cherenkov counters [13] covering20

the regions 3.7 < |η| < 4.7. In these events we study K0
S , K?±, and φ production in the central region, |η| < 1.0.21

The high-ET jet events were collected with four jet transverse-energy trigger thresholds: 20, 50, 70, and 100 GeV,22

and the lower ET threshold events were randomly accepted at a fixed fraction in order to reduce the trigger rate.23

Jets are constructed using a fixed-cone algorithm with radius ∆R =
√

(∆η)2 + (∆φ)2 = 0.4, and their energies are24

corrected for detector effects [14]. Jets with |η| < 1.0 are used and these jets are divided into five ET ranges: 25 – 4025

GeV, 40 – 60 GeV, 60 – 80 GeV, 80 – 120 GeV and 120 – 160 GeV. We study the production properties of K0
S and26

Λ0 for each range.27

We require a reconstructed event vertex in the fiducial region |zVTX| ≤ 60 cm. Tracks are required to have a high28

track-fit quality, with χ2 per degree-of-freedom (χ2/dof) ≤ 2.5, with more than five hits in at least two axial and two29

stereo COT track segments reconstructed in superlayers. It is further required that tracks have |η| < 1 and pT > pmin
T ,30

where pmin
T = 0.325 GeV/c and 0.5 GeV/c for MB events and jet events respectively.31

III. K0
S AND Λ0 RECONSTRUCTION32

The K0
S and Λ0 reconstruction procedures are similar. Since the Λ0 reconstruction is well described in a previous33

publication [15], a summary for K0
S reconstruction is presented here. We search for K0

S to π+π− decays using tracks34

with opposite charge and pT > pmin
T that satisfy the χ2/dof and COT segment requirements.35

For each track pair we calculate the position of their intersection in the transverse (r−φ) plane. Once this intersection36

point, referred to as the secondary vertex, is found, the z-coordinate of each track (z1 and z2) is calculated at that37

point. If the distance |z1 − z2| is less than 1.5 cm, the tracks are considered to originate from a K0
S candidate decay.38

The pair is traced back to the primary event vertex and we require δz0 to be less than 2 cm, and d0 to be less than 0.2539

cm. The quantities δz0 and d0 are the distances between the event vertex and the track position at the point of closest40

approach to the event vertex in the z-axis and in the r − φ plane respectively. To further reduce the background,41

we require the K0
S transverse-decay length LK0

S
, the distance in the r − φ plane between the primary and secondary42

vertices, to be 2.5 < LK0
S
< 50 cm. The Λ0 selection criteria are the same as K0

S except for the lower limit of the43

decay length requirement, which is 5 cm. The invariant mass of the two-track system is calculated by attributing the44

charged-pion mass to both tracks. The left plot in Fig. 1 shows the π+π− invariant mass (Mπ+π−) for K0
S candidates45

with |η| < 1 in MB events. For the Λ0 reconstruction, the track with the higher momentum is assigned the proton46

mass. Any reference to Λ0 implies Λ
0

as well. The invariant mass distributions are modeled with either a Gaussian47

or Breit-Wigner function for the signal and a third-degree polynomial function for the background. As the widths of48

particles are small, the third-degree polynomial is adequate to model the background shape within the fit range.49
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IV. K?± AND φ RECONSTRUCTION1

K?± and φ particles are only reconstructed in MB events. We reconstruct K?± decaying into K0
S and π±. Since2

the lifetime of K?± is very short, the reconstructed K0
S candidates from the previous section with their mass 0.473

< Mπ+π− < 0.53 GeV/c2 and a track with pT > 0.325 GeV/c are combined at the event vertex. For both the4

K0
S candidate and the track, we require that the impact parameter d0 to be less than 0.25 cm, and δz0 to be less5

than 2 cm. The charged-pion mass is assigned to the track. The center plot in Fig. 1 shows the invariant mass of a6

K0
S and a charged pion combinations (MK0

Sπ
±), and there is a distinct K?± signal.7

The final state for φ reconstruction is K+ and K−. Since the lifetime of φ is also very short, two oppositely-charged8

tracks, assumed to be kaons, with pT > 0.325 GeV/c, are combined at the event vertex after requiring d0 < 0.259

cm and δz0 < 2 cm for both tracks. The right plot in Fig. 1 shows the two-kaon invariant mass (MK+K−) after the10

same sign KK invariant mass distribution is subtracted. There is a mismatch between the data and the fitted curve11

near MK+K− ∼ 1.03 GeV/c2 at the level of a few percentage of the signal events, much less than the systematic12

uncertainty due to the fitting procedure as discussed later.13

To measure the pT cross-section distribution of a resonance, the data in the invariant mass distribution are divided14

into many pT intervals and the number of resonances is calculated for each pT interval from a fit to the invariant15

mass distribution. The numbers as a function of pT are acceptance-corrected to produce the pT distribution. In this16

paper, the word resonance is loosely used for both short-lived and long-lived particles.17
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FIG. 1: Reconstructed invariant mass distributions for charged-pion pairs (Mπ+π−), K0
S and pion pairs (MK0

S
π±) and charged-

kaon pairs (MK+K−) from MB events. The solid line is the fitted curve, a third-degree polynomial for the background and a
double Gaussian (K0

S) or Breit-Wigner (K?± and φ) function to model the signal. The widths are consistent with the mass
resolution from the Monte Carlo simulation.

V. pT DISTRIBUTIONS OF K0
S, K

?± AND φ MESONS IN MB EVENTS18

A. ACCEPTANCE CALCULATION AND SYSTEMATIC UNCERTAINTIES19

The geometric and kinematic acceptance is estimated with Monte Carlo (MC) simulations. Each resonance state is20

generated with ∼ 14 fixed pT values ranging from 0.5 to 10 GeV/c and uniform in rapidity for |y| < 2. A generated21

resonance is combined with either one or four non-diffractive inelastic MB events generated with the pythia generator.22

Although the average number of interactions in our data sample is a little less than two, the default acceptance is23

calculated from the MC sample with four MB events and the difference of the acceptance values between the two24

samples is taken as a systematic uncertainty. This is because pythia underestimates the average event multiplicity.25

The detector response to particles produced in the event generator is modeled with the CDF II detector simulation26

based on the geant-3 MC program [16]. Simulated events are processed and selected with the same analysis code27

as that used for the data. The acceptance is defined as the ratio of the number of reconstructed resonances with the28

input pT divided by the generated number, including the branching ratio. Acceptance values are calculated separately29

for the particles and their corresponding antiparticles and the average of the two is used as the default value, since30

the acceptances for the two states are similar. Figure 2 shows the acceptances including the relevant branching ratios31

for the three particles.32

The acceptance values as a function of pT are fitted with a fourth-degree polynomial function and the fitted curve is33
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FIG. 2: Acceptance as a function of pT for K0
S , K?± and φ mesons in MB events. The values include the branching ratios to

the final states detected.

used to correct the numbers of each resonance state in the data. The modeling of the MB events overlapping with the1

resonance, and the selection criteria applied, contribute to the systematic uncertainty on the acceptance calculation.2

Acceptance uncertainties due to the selection criteria are studied by changing the selection values of the variables3

used to reconstruct the resonances. The variables examined are pT , |z1− z2|, δz0, d0, and the decay lengths. For each4

variable other than pT , two values around the default value are typically chosen. One value is such that it has little5

effect on the signal, and the other reduces the signal by approximately 20 to 30%. The default minimum pT selection6

value is 0.325 GeV/c, which is changed to 0.3 GeV/c and to 0.35 GeV/c.7

For each considered variation, a new acceptance curve and number of resonances as a function of pT are obtained,8

and the percentage change between the new pT distribution and that with the default selection requirements is taken9

as the uncertainty in the acceptance for the specific pT interval. The sum in quadrature of all variations is taken as10

the total uncertainty on the acceptance in a given pT bin. For the K0
S case, the acceptance uncertainty decreases11

from about 15% at pT ∼ 1 GeV/c to 4% at pT ∼ 5 GeV/c and then rises again to 10% at pT = 10 GeV/c. This12

acceptance uncertainty is added quadratically to the systematic uncertainty due to the fitting procedure, described13

later, to give the total systematic uncertainty.14

For K?± and φ mesons the examined variables are pT , δz0 and d0 as they decay at the event vertex. The acceptance15

uncertainty for the K?± case decreases from about 25% at pT ∼ 1.5 GeV/c to 10% at pT ∼ 5 GeV/c and then rises16

to ∼ 15% at 10 GeV/c. For the φ meson, the uncertainty decreases from about 15% at pT ∼ 1 GeV/c to 10% at17

pT ∼ 2 GeV/c, decreases to 6% at pT ∼ 5 GeV/c and is then constant.18

B. pT DISTRIBUTIONS19

The first step to get the pT distribution is to calculate the number of resonances as a function of pT from the20

invariant mass plots. The data in the invariant mass plot for each resonance are divided into many pT intervals. The21

number of pT intervals depends on the resonance type and is dictated by statistics such that the fits to the invariant22

mass distributions are stable. The number of resonances in each pT interval is determined by fitting the invariant mass23

distributions using a Gaussian (K0
S) or non-relativistic Breit-Wigner (K?± and φ) function with three parameters24

for the signal, and a third-degree polynomial for the underlying background. The measured mass distributions of the25

K?± and φ are not exactly a Breit-Wigner shape because of the detector resolution. The detector effect on the mass26

shape is treated as one of the systematic uncertainties. The polynomial fit to the background is subtracted bin-by-bin27

from the data in the mass interval to obtain the number of resonances. This number is divided by the acceptance to28

obtain the pT cross-section distributions. Table I shows the mass intervals for each resonance.29

The fitting procedure is one source of systematic uncertainty. This uncertainty is estimated by separately varying the30

mass range of the fit, the functional form for the signal to a double Gaussian function (K0
S) or a Breit-Wigner function31

convoluted with a Gaussian (K?± and φ), and the background modeling function to a second-order polynomial. The32

mass and width of the Breit-Wigner function are fixed to the values in the Review of Particle Properties [17]. The33

number of signal events is recalculated in all pT intervals for each variation. The systematic uncertainty is determined34

as the sum in quadrature of the fractional change in the number of signal events from each modified fit. Because the35

K0
S signals are clearly visible, the systematic uncertainty is low, less than 5% up to pT = 10 GeV/c. For the K?± case36

it decreases from about 25% at pT ∼ 1 GeV/c to 6% at pT ∼ 4 GeV/c and then rises to ∼ 10% at 10 GeV/c. For37

the φ meson, the uncertainty decreases from about 25% at pT ∼ 1 GeV/c to 8% for pT > 2 GeV/c and remains fairly38
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constant. The high uncertainty in the low pT region is due to a large combinatorial background. The total systematic1

uncertainty is the square root of the quadratic sum of the fitting uncertainty in this section and the uncertainty in2

the acceptance calculation.3

TABLE I: The mass intervals used to select the signal events. The polynomial fit to the background is subtracted bin-by-bin
from the data in the mass interval to obtain the number of signal events. The unit is GeV/c2.

Particle type MB events Jet events

Λ0 - 1.105 – 1.132
K0
S 0.48 – 0.516 0.465 – 0.535

K?± 0.841 – 0.943 -
φ 1.01 – 1.03 -
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FIG. 3: The inclusive invariant pT differential cross section distributions (Ed3σ/dp3) for K0
S , K∗±, and φ within |η| < 1.

The K0
S cross section is multiplied by two to take K0

L production into account. The solid curves are from fits to a power law
function, with the fitted parameters given in Table III. The J/Ψ [20] and Υ [21] data are shown for comparison.

The inclusive invariant differential cross section as a function of pT for each particle within |η| < 1 is calculated as4

Ed3σ/dp3 = (σmb/Nevent)d
3N/ApT dpT dydφ = (σmb/2πNevent)∆N/ApT∆pT∆y where σmb is the MB cross section5

45 ± 8 mb [18] passing our trigger requirement, Nevent is the number of events, ∆N is the number of resonances6

observed in each pT interval (∆pT ) after the background subtraction, A is the acceptance in the specific pT interval,7

and ∆y is the rapidity range used in the acceptance calculation (-2 < y < 2).8

Figure 3 shows the results for the differential cross sections as a function of pT for the three resonances. The9

uncertainties shown for each data point include the statistical and all systematic uncertainties described above, except10

for that associated with σmb [18]. The systematic uncertainties of data points neighboring a pT value are correlated11

because the decay kinematics of the daughter particles are similar. The cross sections in Fig. 3 are listed in Table II.12

The displayed pT values are the weighted averages within the pT intervals based on the cross section calculated from13

the fit parameters described below.14

The pT differential cross section is modeled by a power law function, A(p0)n/(pT + p0)n, for pT > 2 GeV/c. In15

order to compare with the previous publications on hyperons (Λ, Ξ, and Ω) [15], p0 is fixed at 1.3 GeV/c, and the16

results are shown in Table III. Compared to hyperons, the values of the parameter n for mesons are lower by ∼ 10%.17
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The data below pT ∼ 2 GeV/c cannot be described well by the power law function even if p0 is allowed to float. For1

this region, the data are better described by an exponential function, Be−b·pT . The pT ranges and results of this fit2

are shown in Table IV, and the slope b of φ is consistent with a previous measurement [24]. The b values depend on3

the range of the fit.4

Figure 4 shows the pT differential cross section ratios of K?± to K0
S and φ to K0

S . The K0
S cross section is5

multiplied by two to account for the K0
L production. The K?± to K0

S ratio increases as pT increases, reaches a6

plateau at ∼ 5 GeV/c pT and stays flat. The rise in the φ to K0
S ratio at low pT is slower than the K?± to K0

S ratio7

and reaches the plateau at an earlier pT . The two ratios as a function of pT exhibit a similar behavior as Ξ±/(Λ0+8

Λ
0
) and Ω±/(Λ0+ Λ

0
) [15].9

In Figure 5, the differential cross sections of the three resonances are compared with pythia events generated10

with default parameters. The φ cross section matches well while pythia K0
S (K?±) cross section is somewhat lower11

(higher) than the data. The pythia parameters responsible for the strange meson production cross sections were12

varied [23] but it was not possible to produce a good match for all three resonances.13
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TABLE II: The inclusive invariant differential cross section values for K0
S , φ, and K?± mesons in Fig. 3. The uncertainties

include both the statistical and systematic uncertainties added in quadrature but do not include σmb uncertainty.

pT (GeV/c) 2K0
S (mb GeV−2c3) pT φ pT K?±

.645 2.94± 0.66 1.24 (8.25± 2.48)×10−2 1.29 (1.87± 0.74)×10−1

.745 2.05± 0.43 1.34 (6.17± 1.80)×10−2 1.49 (1.39± 0.51)×10−1

.845 1.58± 0.30 1.44 (4.75± 1.34)×10−2 1.69 (7.56± 2.63)×10−2

.945 1.19± 0.22 1.59 (3.45± 0.91)×10−2 1.90 (4.72± 1.60)×10−2

1.04 (9.09± 1.58)×10−1 1.79 (2.36± 0.58)×10−2 2.13 (3.21± 1.02)×10−2

1.15 (6.88± 1.15)×10−1 1.99 (1.41± 0.29)×10−2 2.44 (1.98± 0.60)×10−2

1.24 (5.25± 0.84)×10−1 2.19 (1.01± 0.20)×10−2 2.77 (1.06± 0.29)×10−2

1.34 (4.06± 0.63)×10−1 2.40 (6.61± 1.23)×10−3 3.21 (5.06± 1.07)×10−3

1.44 (3.13± 0.48)×10−1 2.63 (4.03± 0.72)×10−3 3.73 (2.25± 0.44)×10−3

1.59 (2.17± 0.32)×10−1 2.94 (2.40± 0.41)×10−3 4.22 (1.13± 0.22)×10−3

1.79 (1.35± 0.19)×10−1 3.23 (1.51± 0.26)×10−3 4.72 (5.80± 1.13)×10−4

1.99 (8.37± 1.14)×10−2 3.54 (8.73± 1.49)×10−4 5.22 (2.90± 0.56)×10−4

2.19 (5.32± 0.71)×10−2 3.84 (5.67± 0.97)×10−4 5.72 (1.60± 0.31)×10−4

2.40 (3.53± 0.46)×10−2 4.22 (3.26± 0.56)×10−4 6.42 (7.16± 1.51)×10−5

2.63 (2.17± 0.28)×10−2 4.72 (1.57± 0.27)×10−4 7.61 (3.21± 0.73)×10−5

2.94 (1.24± 0.16)×10−2 5.22 (8.69± 1.55)×10−5 9.13 (7.70± 1.76)×10−6

3.23 (7.33± 0.96)×10−3 5.72 (5.25± 0.94)×10−5 - -
3.54 (4.50± 0.59)×10−3 6.24 (2.84± 0.53)×10−5 - -
3.84 (2.78± 0.36)×10−3 6.83 (1.56± 0.29)×10−5 - -
4.22 (1.57± 0.20)×10−3 7.68 (6.01± 1.17)×10−6 - -
4.72 (7.91± 1.03)×10−4 8.96 (2.18± 0.42)×10−6 - -
5.22 (4.22± 0.55)×10−4 - - - -
5.72 (2.38± 0.31)×10−4 - - - -
6.24 (1.39± 0.18)×10−4 - - - -
6.74 (8.46± 1.10)×10−5 - - - -
7.24 (5.70± 0.74)×10−5 - - - -
7.74 (3.57± 0.47)×10−5 - - - -
8.24 (2.43± 0.32)×10−5 - - - -
8.74 (1.75± 0.23)×10−5 - - - -
9.24 (1.28± 0.17)×10−5 - - - -
9.74 (9.42± 1.23)×10−6 - - - -

TABLE III: The results of power law function fits to the inclusive invariant pT differential cross sections shown in Fig. 3 for
pT > 2 GeV/c. The parameter p0 is fixed to 1.3 GeV/c in all fits. K0

S results are without the scale factor two which takes into
account the K0

L meson. The K0
S values in the second column are from

√
s = 1.8 TeV [22]. The uncertainties do not include

σmb uncertainty. The last line of the table gives the χ2 per degree-of-freedom of the fit to data.

Fit parameter (units) K0
S [Run I] K0

S K∗± φ

A (mb GeV−2c3) 45± 9 50.2± 6.1 60.4± 13.5 23.5± 2.55
p0 (GeV/c) 1.3 1.3 1.3 1.3

n 7.7± 0.2 7.65± 0.08 7.60± 0.19 7.80± 0.80
χ2/dof 8.1/11 6.0/17 3.9/10 14.0/13

TABLE IV: The results of exponential function fits to the inclusive invariant pT differential cross sections shown in Fig. 3 for
the pT ranges given in the second row. The K0

S results are without the scale factor two which takes into account the K0
L meson.

The uncertainties shown do not include σmb uncertainty. The last line of the table gives the χ2 per degree-of-freedom of the fit
to data.

Fit parameter (units) K0
S K0

S K0
S K∗± φ

pT range (GeV/c) [0.6, 1.5] [0.6, 2.5] [1.2, 2.5] [1.2, 2.5] [1.2, 2.5]

B (mb GeV−2c3) 10.4± 2.4 6.55± 0.80 5.00± 0.92 1.79± 1.203 1.20± 0.40
b (GeV−1c) 3.02± 0.20 2.60± 0.08 2.41± 0.10 2.01± 0.35 2.20± 0.18
χ2/dof 1.0/9 7.2/12 0.7/6 0.8/4 0.3/7
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VI. pT DISTRIBUTIONS OF K0
S AND Λ0 HADRONS IN JETS1

A. ACCEPTANCE CALCULATION AND SYSTEMATIC UNCERTAINTIES2

For jet events, K0
S and Λ0 candidates reconstructed as previously discussed are divided into five jet-ET ranges. A3

candidate is assigned to a jet if ∆R < 0.5, where ∆R is the distance between the resonance and jet in the η−φ plane.4

If the candidate belongs to more than one jet, it is associated to the nearest jet. The ∆R range 0.5 is slightly larger5

than the 0.4 used in the jet clustering to include low pT resonances. Figure 6 shows Mπ+π− distributions from jets6

with 60 < ET < 80 GeV and Fig. 7 shows the same but for the Mpπ− + Mp̄π+ distributions. Because at large pT the7

Λ0 signal becomes unclear (bottom right plot in Fig. 7), the Λ0 data with pT > 15 GeV/c and jet ET > 60 GeV are8

not used.9
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FIG. 6: Invariant π+π− mass distributions for four pT intervals from jets with ET between 60 and 80 GeV. The numbers in the
figures are the pT intervals. The histograms are the background shapes called QCD-C and obtained from QCD jet simulation.
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The acceptance for K0
S and Λ0 hadrons in jets as a function of pT is calculated for each jet-ET interval and10

defined as the ratio of the number of reconstructed resonances to the number of generated resonances in the jets.11
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The acceptances in jets are calculated using the QCD jet events generated with pythia, passed through the CDF1

II detector simulation, and reconstructed. A jet event is mixed with one or four pythia inelastic MB events. The2

default acceptance is calculated with the sample mixed with four MB events, and the difference of the acceptance3

values between the two samples is one of our systematic uncertainties, as in the case of MB events.4

We select the generated resonances in the MC data with ∆R < 0.5 where ∆R is measured with respect to the5

reconstructed jet direction. We also select the reconstructed resonances within the same ∆R range, and mark the6

ones with matched generated resonances based on |∆η| < 0.075 and |∆φ| < 0.075, where ∆φ (∆η) is the difference in7

φ (η) between the generated and reconstructed resonances. The acceptance as a function of pT is the ratio of the pT8

distribution of the marked reconstructed resonances to the generated resonances. Figure 8 shows the K0
S acceptance9

for the five jet-ET intervals and Fig. 9 shows the same for Λ0. The acceptances include the branching ratio to our10

final states.11

The sources of systematic uncertainty in the acceptance calculation are similar to those discussed for K0
S in MB12

events, and they are calculated as functions of pT and ET except for one difference: The default minimum pT selection13

0.5 GeV/c is changed to 0.45 GeV/c and to 0.55 GeV/c. The dependence of the K0
S (Λ0) acceptance uncertainty on14

pT for different ET ranges is quite similar. It starts at ∼ 10 (15)% at 2 GeV/c and decreases to ∼ 5 (7)% at 5 GeV/c15

and then increases approximately linearly to ∼ 12 (20)% at 20 GeV/c.16
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s → π+π−.
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B. pT DISTRIBUTIONS17

The measurement of the pT distribution of particles in jets is different from that in MB events because there is18

more combinatorial background. We subtract the background obtained from the simulated QCD MC data sample19

before fitting the mass distribution. The background is called QCD combinatorial (QCD-C) background and it is the20

Mππ (or Mpπ) distribution without K0
S (or Λ0).21
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The QCD-C background shape is obtained as follows. After choosing two tracks that form a K0
S (or Λ0) candidate,1

we check if the candidate has a corresponding K0
S (or Λ0) at the MC particle generation level in the same event by2

comparing the kinematic variables (φ and η). If the candidate has a corresponding particle at the generation level, the3

candidate is not entered in the invariant mass distributions and the distributions are the QCD-C backgrounds shown4

in Figs. 6 and 7. Disagreement with the data outside the resonance mass regions is expected since the shape of the5

invariant mass distribution is sensitive to the particle multiplicity and kinematics from jets. Figures 10 and 11 show6

the invariant mass distributions after subtracting the QCD-C backgrounds, scaled such that the entries are mostly7

positive after subtraction. The effect of the normalization is one of the systematic uncertainties.8
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FIG. 10: Invariant π+π− mass distributions after subtracting the scaled QCD-C background histogram from data in Fig. 6.
There are four pT intervals and the ET of jets is between 60 and 80 GeV. The solid lines are fitted curves, a third-degree
polynomial for the background and a Gaussian function with three parameters to model the K0

S signal.
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polynomial for the background and a Gaussian function with three parameters to model the Λ0 signal.

The number of signal events in each pT interval is determined by fitting the background-subtracted invariant mass9

distributions using a Gaussian function for the signal and a third-degree polynomial for the remaining background.10

The curves from the fits are displayed in the same figures. The polynomial function representing the background11

is subtracted bin-by-bin from the data in the mass interval to obtain the number of signal events. Table I shows12

the mass intervals. The mass intervals for jets are wider because the pT range is extended to 20 GeV/c and mass13

resolution gets worse (see Figs. 10 and 11) as pT increases.14
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The QCD-C background subtraction and the fitting procedure are sources of systematic uncertainty. The estimation1

of the fitting procedure uncertainty is similar to that for K0
S in MB events. The uncertainty from the QCD-C2

background subtraction is estimated by scaling the background by −25% from the default and recalculating the3

number of signal events. Similar to the K0
S in the MB events, the K0

S signal is clearly visible and the uncertainty4

is fairly constant at ∼ 12% for all pT and ET intervals. For the Λ0 baryon, the uncertainty increases by ∼ 2%5

at the high pT and ET region, and we assign a conservative 17% for all pT and ET intervals. The total systematic6

uncertainty is the uncertainty discussed above and the uncertainty in the acceptance calculation added in quadrature.7

The pT distributions are calculated per jet, 1/NjetdN/(pT dpT ) = 1/Njet∆N/(ApT∆pT )), and are shown in Fig. 128

(K0
S) and Fig. 13 (Λ0 + Λ

0
) for the five jet-ET intervals. Njet is the number of jets in the ET interval, ∆N is the9

number of signal events in the pT interval (∆pT ) and ET interval, and A is the acceptance at the pT and ET interval10

(Figs. 8 and 9). The uncertainty is the statistical and systematic uncertainties added in quadrature. The average11

jet-ET values for the five jet-ET intervals are 31, 50, 70, 99 and 136 GeV. Figure 14 shows Λ0 + Λ
0
to 2K0

S ratios as12

a function of pT calculated from Figs. 12 and 13. The K0
S cross section is multiplied by two to take into account the13

K0
L production. The ratios are about 0.25 for all pT and ET intervals.14
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FIG. 12: The pT distributions of K0
S mesons in centrally-produced jets (|η| < 1) for the five jet-ET intervals. The uncertainties

include both the statistical and systematic uncertainties added in quadrature.

The differential pT distributions of K0
S and Λ0 hadrons in jets are compared with the pythia events generated15

with default parameters. The events from pythia simulation, processed through CDF II detector simulation and16

reconstruction programs, are analyzed as the real data. However rather than finding the reconstructed number of17

resonances from fitting, the resonances at the particle generation level are used after associating them with recon-18

structed jets (∆R < 0.5) for the five jet-ET intervals. Figure 15 shows the ratios of the K0
S of data to that of pythia19

events as a function of pT , and Fig. 16 shows the same for Λ0 baryons. The agreement for Λ0 baryons is adequate20

while pythia generates too many K0
S mesons in the low pT region.21

Using the pT distribution of Λ0 baryons from an earlier analysis [15], and K0
S mesons from this analysis, the ratio22

of Λ0 + Λ
0

to 2K0
S as a function of pT in MB events is calculated and displayed in Fig. 17. In the same figure,23

the ratios from jets in Fig. 14 are also shown for a comparison. Also shown in the figure is the ratio from 1.8 TeV24

center-of-mass energy covering the very low pT region [25]. The figure shows that the ratio of Λ0 to K0
S exhibits25

different behavior than the K∗± to K0
S and φ to K0

S ratios. For the latter, the ratios increase as pT increases and26

reache a plateau at pT > 4 ∼ 5 GeV/c, while the former increases until pT reaches ∼ 2 GeV/c and then decreases27

as pT increases. The ratio plot also indicates that the process of producing Λ0 baryons compared to K0
S mesons in28

MB events is significantly more efficient than the process in jets. The ratio from the MB events matches the ratios29

from jets at pT ∼ 5 GeV/c implying that QCD jet contribution is significant for pT > 5 GeV/c.30
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0
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TABLE V: The K0
S cross-section values for the five jet-ET intervals in Fig. 12

1/NjetdN/(pT dpT ) (GeV−2c2)
pT (GeV/c) ET : 25–40 GeV 40–60 GeV 60–80 GeV 80–120 GeV 120–160 GeV

1.75 (2.57± 0.59)×10−2 (2.67± 0.61)×10−2 (2.51± 0.59)×10−2 (2.47± 0.58)×10−2 (2.22± 0.53)×10−2

2.25 (1.86± 0.43)×10−2 (1.99± 0.45)×10−2 (2.02± 0.46)×10−2 (1.83± 0.43)×10−2 (1.51± 0.37)×10−2

2.75 (1.29± 0.29)×10−2 (1.39± 0.32)×10−2 (1.47± 0.33)×10−2 (1.37± 0.31)×10−2 (1.12± 0.27)×10−2

3.25 (9.62± 0.22)×10−3 (1.09± 0.24)×10−2 (1.08± 0.24)×10−2 (1.05± 0.24)×10−2 (8.48± 2.03)×10−3

3.75 (7.06± 1.55)×10−3 (8.05± 1.80)×10−3 (8.35± 1.84)×10−3 (8.52± 1.88)×10−3 (6.68± 1.60)×10−3

4.50 (4.70± 1.02)×10−3 (5.75± 1.28)×10−3 (6.02± 1.33)×10−3 (6.11± 1.35)×10−3 (5.10± 1.20)×10−3

5.75 (2.70± 0.59)×10−3 (3.56± 0.79)×10−3 (3.87± 0.86)×10−3 (3.99± 0.88)×10−3 (3.56± 0.84)×10−3

7.25 (1.45± 0.32)×10−3 (2.19± 0.48)×10−3 (2.36± 0.52)×10−3 (2.63± 0.58)×10−3 (2.36± 0.56)×10−3

9.01 (6.63± 1.49)×10−4 (1.01± 0.23)×10−3 (1.34± 0.31)×10−3 (1.32± 0.30)×10−3 (1.36± 0.33)×10−3

11.2 (2.68± 0.64)×10−4 (5.48± 1.30)×10−4 (6.78± 1.65)×10−4 (7.72± 1.88)×10−4 (7.65± 1.98)×10−4

13.7 (1.31± 0.34)×10−4 (3.29± 0.85)×10−4 (4.54± 1.21)×10−4 (5.61± 1.49)×10−4 (5.25± 1.50)×10−4

16.2 (6.73± 1.79)×10−5 (2.00± 0.54)×10−4 (3.10± 0.86)×10−4 (3.66± 1.02)×10−4 (2.83± 0.95)×10−4

18.7 (2.28± 0.66)×10−5 (9.85± 2.95)×10−5 (1.89± 0.57)×10−4 (2.12± 0.66)×10−4 (2.00± 0.80)×10−4

VII. SUMMARY1

In inelastic pp̄ collisions at
√
s = 1.96 TeV, we have studied the properties of three mesons, K0

S , K?±, and φ, in2

MB events up to pT = 10 GeV/c , and K0
S and Λ0 hadrons in jets up to 20 GeV/c pT and 160 GeV jet ET . The3

measurements were made with centrally produced (|η| < 1) particles and jets. We found in MB events:4

1. As pT increases, the three mesons exhibit a similar pT slope as the n values indicate, where n is the exponent in5

the power law function.6

2. The n values from the mesons are less than the values from hyperons (Λ0, Ξ±, and Ω±) by about 10%.7

3. The ratios, K?±/2K0
S and φ/2K0

S , as a function of pT exhibit a similar behavior as Ξ±/(Λ0+ Λ
0
) and8

Ω±/(Λ0+ Λ
0
) [15]. The ratios increase at low pT and reach a plateau above pT ∼ 5 GeV/c.9

4. Unlike the ratios among strange mesons or hyperons, the Λ0 to K0
S ratio shows an enhancement around 2 GeV/c10

pT .11

5. pythia reproduces φ pT distribution quite well, but underestimates K0
S production and overestimates K?± pro-12
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TABLE VI: The Λ0 + Λ
0

cross-section values for the five jet-ET intervals in Fig. 13

1/NjetdN/(pT dpT ) (GeV−2c2)
pT (GeV/c) ET : 25–40 GeV 40–60 GeV 60–80 GeV 80–120 GeV 120–160 GeV

2.75 (8.03± 2.15)×10−3 (7.42± 2.02)×10−3 (8.24± 2.35)×10−3 (6.62± 1.96)×10−3 (6.27± 1.87)×10−3

3.25 (5.23± 1.00)×10−3 (5.92± 1.15)×10−3 (5.30± 1.16)×10−3 (5.20± 1.13)×10−3 (3.84± 0.89)×10−3

3.75 (4.13± 0.78)×10−3 (4.50± 0.85)×10−3 (4.36± 0.91)×10−3 (3.92± 0.82)×10−3 (3.32± 0.73)×10−3

4.50 (2.93± 0.55)×10−3 (3.30± 0.62)×10−3 (3.00± 0.60)×10−3 (2.97± 0.59)×10−3 (2.22± 0.47)×10−3

5.75 (1.61± 0.30)×10−3 (1.92± 0.36)×10−3 (1.94± 0.38)×10−3 (1.96± 0.39)×10−3 (1.66± 0.36)×10−3

7.25 (8.16± 1.67)×10−4 (1.14± 0.23)×10−3 (1.20± 0.26)×10−3 (1.21± 0.26)×10−3 (9.24± 2.29)×10−4

9.01 (4.02± 0.88)×10−4 (6.44± 1.41)×10−4 (7.03± 1.61)×10−4 (7.08± 1.68)×10−4 (6.70± 1.78)×10−4

11.2 (1.90± 0.48)×10−4 (3.35± 0.83)×10−4 (4.45± 1.11)×10−4 (4.60± 1.23)×10−4 (5.41± 1.53)×10−4

13.7 (5.74± 1.58)×10−5 (1.84± 0.49)×10−4 (2.06± 0.57)×10−4 (2.78± 0.82)×10−4 (2.47± 0.82)×10−4

16.2 (1.97± 0.60)×10−5 (9.92± 2.79)×10−5 - - -
18.7 (5.50± 2.27)×10−6 (4.26± 1.37)×10−5 - - -
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FIG. 14: The cross-section ratios of Λ0 + Λ
0
to 2K0

S as a function of pT for the five jet-ET intervals. There are two error bars
for each data point. The inner (outer) one corresponds to the statistical (systematic) uncertainty.

duction.1

In jets:2

6. The pT dependencies of the K0
S and Λ0 cross sections in jets reduce as jet ET increases. The ratio, (Λ0+ Λ

0
)/2K0

S ,3

is fairly constant at about 0.25 for pT up to 20 GeV/c and jet ET up to 160 GeV. This ratio merges with the ratio4

from the MB events at pT > 4 ∼ 5 GeV/c.5

7. The process producing low pT Λ0 (compared to K0
S) in MB events is significantly more efficient than the process6

in jets.7

8. pythia reproduces the Λ0 pT distribution reasonably well, but overestimates K0
S production in the low pT region.8

The findings indicate that in MB events particles with pT in excess of 5 GeV/c are mostly from QCD jets, assuming9

that jets with ET < 25 GeV behave similarly to the higher ET jets. The process of producing Λ0 compared to10

K0
S around 2 GeV/c is much more efficient than the process in jets. Moreover while the production cross section11

exhibits strong dependences on the quark flavors (u, d, and s) in particles, the pT slope for pT > 5 GeV/c is fairly12

insensitive to the number of quarks and quark flavors in particles, resulting in constant particle ratios. This suggests13
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FIG. 15: The ratios of K0
S pT distribution of data to that of pythia (version 6) events generated with default parameters for

the five jet-ET intervals.

that pT dependences of particles produced in jets are similar regardless of their quark and flavor content.1
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FIG. 16: The ratios of Λ0 pT distribution of data to that of pythia (version 6) events generated with default parameters for
the five jet-ET intervals.
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